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By means of temperature and wavelength-dependent small-angle neutron scattering (SANS) ex-
periments on sintered isotropic and textured Nd-Fe-B magnets we provide evidence for the existence
of an anisometric structure in the microstructure of the textured magnets. This conclusion is reached
by observing a characteristic cross-shaped angular anisotropy in the total unpolarized SANS cross
section at temperatures well above the Curie temperature. Comparison of the experimental SANS
data to a microstructural model based on the superquadrics form factor allows us to estimate the
shape and lower bounds for the size of the structure. Subtraction of the scattering cross section in
the paramagnetic regime from data taken at room temperature provides the magnetic SANS cross
section. Surprisingly, the anisotropy of the magnetic scattering is very similar to the nuclear SANS
signal, suggesting that the nuclear structure is decorated by the magnetic moments via spin-orbit
coupling. Based on the computation of the two-dimensional correlation function we estimate lower
bounds for the longitudinal and transversal magnetic correlation lengths.
I. INTRODUCTION
Sintered Nd-Fe-B-based permanent magnets are mul-
tiphase materials, which find widespread technological
application in electromotors, wind turbines, and in var-
ious consumer-electronics devices1. The microstructure
of these materials consists of micron-sized Nd-Fe-B crys-
tallites (typical average grain size: ∼ 5µm) and various
so-called Nd-rich phases2,3. As revealed by numerous
electron-microscopy and atom-probe-tomography inves-
tigations (e.g.,4), the Nd-rich phases form thin (several
nm thick) layers at the Nd2Fe14B grain boundaries and
they exist as well in the form of larger grains at the
Nd2Fe14B grain junctions. The properties of the Nd-
rich phases range from paramagnetic to ferromagnetic,
metallic to oxide, or from crystalline to amorphous (see
Table 1 in3). They decisively determine the magnetic
properties of Nd-Fe-B magnets.
Industrial grade Nd-Fe-B magnets are produced by the
powder-metallurgical route. The final magnet is highly
anisotropic (magnetically and structurally textured) due
to the magnetic field applied during the synthesis pro-
cess5. The associated crystallographic texture shows
up in x-ray wide-angle diffraction data, and the align-
ment of the easy axes of magnetization is observed in
bulk magnetization measurements6–8. However, whereas
in hot-deformed Nd-Fe-B-based nanocomposites platelet-
shaped precipitates with preferential orientation have
been observed (e.g.,9,10), we are not aware that similar
anisometric structures have been reported for sintered
Nd-Fe-B on a mesoscopic length scale (∼ 1− 300 nm).
In this communication we report the results of a com-
parative small-angle neutron scattering (SANS) study of
the microstructure of a sintered textured and isotropic
Nd-Fe-B specimen. The SANS technique (see11 for a re-
cent review) provides statistically-averaged bulk informa-
tion about both the structural and magnetic correlations
on a length scale between a few and a few hundred of
nanometers. This method has previously been applied
to study the structures of magnetic nanoparticles12–20,
soft magnetic nanocomposites21,22, proton domains23–25,
magnetic steels26–30, or Heusler-type alloys31–35. Regard-
ing Nd-Fe-B, SANS investigations8,36 have reported a pe-
culiar cross-shaped angular anisotropy in the scattering
cross section of the polycrystalline textured material. In
the single-crystal study by Kreyssig et al. 37 the cross-
shaped anisotropy was interpreted in terms of a fractal-
like magnetic domain structure.
These interesting results have motivated the present
comparative SANS investigation. Here, we unambigu-
ously demonstrate that the cross-shaped feature is of nu-
clear (i.e., nonmagnetic) origin. Our SANS analysis sug-
gests the presence of anisometric structures in sintered
textured Nd-Fe-B on a mesoscopic length scale. Further
analysis of the purely magnetic SANS cross section at
room temperature reveals that the nuclear texture be-
comes decorated by the magnetic spin structure, presum-
ably via the spin-orbit coupling.
II. EXPERIMENTAL
Commercially available isotropic (grade: N42) and tex-
tured (grade: N38) Nd-Fe-B-based sintered magnets were
used in this study. Temperature-dependent SANS mea-
surements, between 30 − 1000 ◦C, were performed at
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2FIG. 1. (a)–(d) Total SANS cross section dΣ/dΩ of sintered isotropic and sintered textured Nd-Fe-B at several temperatures
(see insets) (logarithmic color scale). (e) Temperature dependence of the normalized integrated total neutron intensity of sintered
isotropic and textured Nd-Fe-B (KWS-1, JCNS). The data have been normalized according to (I − Imin)/(Imax − Imin), where
Imin and Imax denote, respectively, the minimum and maximum values of the integrated scattering intensities in dependence
on temperature, separately for each sample. Error bars are of the order of the data-point size. Solid lines: Fit of the data to
I0t
β , where I0, β, and TC are adjustable parameters, and t = (T −TC)/TC . The estimated Curie temperatures of the isotropic
and textured Nd-Fe-B magnets are, respectively, TC = 278.7 ± 0.1 ◦C and TC = 282.5 ± 0.8 ◦C. Note that TC = 312 ◦C for
single-crystalline Nd2Fe14B
5. The inset in (e) shows the total dΣ/dΩ of the sintered textured Nd-Fe-B sample at T = 1000 ◦C
(logarithmic color scale). The texture axis in the two-dimensional scattering maps is along the qz-direction.
the KWS-1 instrument38 at the Ju¨lich Centre for Neu-
tron Science, Heinz Maier-Leibnitz Zentrum, Garch-
ing, Germany. We used unpolarized incident neutrons
with a mean wavelength of λ = 5.0 A˚ and a band-
width of ∆λ/λ = 10 % (FWHM). Wavelength-dependent
(λ = 5 − 18 A˚) SANS measurements at room temper-
ature were carried out at SANS-1 at the Paul Scher-
rer Institute, Switzerland24. SANS data were recorded
for three sample-to-detector distances on the two Nd-
Fe-B samples (isotropic and textured). The accessible
range of momentum transfers in the experiment is about
0.02 nm−1 . q . 1 nm−1, so that real-space structure
on a scale of roughly 1 − 300 nm is probed. The direc-
tion of the texture axis of the anisotropic sample was
perpendicular to the incident neutron beam and along
the horizontal (qz) direction. Prior to the temperature-
dependent neutron measurement each sample was mag-
netized (externally, outside of the SANS setup) by a hori-
zontal 9 T magnetic field at room temperature (and then
the field was switched off). For the textured sample,
the field was applied along the texture (magnetic easy)
axis, while for the isotropic sample, the field was directed
along an arbitrary in-plane direction. SANS data reduc-
tion (correction for background scattering, transmission,
detector efficiency) was carried out using the QtiKWS
and GRASP software packages39,40.
III. RESULTS AND DISCUSSION
Figure 1 shows the total SANS cross section of both
sintered isotropic and sintered textured Nd-Fe-B at tem-
peratures of 30 ◦C and 450 ◦C. While the isotropic sam-
ple reveals an isotropic scattering pattern [Fig. 1(a) and
(b)], in agreement with an expected statistically-isotropic
grain microstructure on the probed length scale, the tex-
tured magnet exhibits a cross-shaped angular anisotropy
of dΣ/dΩ, persisting well above the Curie temperature of
TC ∼= 283 ◦C up to 1000 ◦C [Fig. 1(c) and (d), and inset
in Fig. 1(e)]. The scattering pattern of textured Nd-Fe-
B is slightly rotated (counterclockwise) around the beam
axis by about 8 ◦, which is due to the misalignment of
the texture axis with respect to the horizontal direction.
Note that the neutron data below 450 ◦C and at 1000 ◦C
were taken in two different sample holders. This ex-
plains the different orientation of the angular anisotropy
of the 30 ◦C and 450 ◦C data sets [rotated counterclock-
wise, Fig. 1(c) and (d)] and the run at 1000 ◦C [rotated
clockwise, inset in Fig. 1(e)]. The observations in Fig. 1
clearly show that the origin of the angular anisotropy in
dΣ/dΩ is related to some texture in the nuclear grain
microstructure, and not to a specific magnetization dis-
tribution or domain structure as concluded earlier for a
Nd2Fe14B single crystal
37.
The cross-shaped feature in dΣ/dΩ resembles the nu-
3FIG. 2. (a)–(d) Total SANS cross section dΣ/dΩ of sin-
tered textured Nd-Fe-B at room temperature as a function
of the average neutron wavelength λ (logarithmic color scale)
(SANS-1, PSI).
clear scattering from preferentially-oriented anisometric
(e.g., cuboidal) precipitates in metallic alloys (see, e.g.,
Refs.41–44 and references therein). Such cuboidal struc-
tures were, however, not directly observed in our sam-
ples by means of scanning and transmission electron mi-
croscopy7,8,36.
Figure 2 displays the total SANS cross section dΣ/dΩ
of the textured sample at room temperature and for sev-
eral values of the average neutron wavelength λ between
5−18 A˚. The cross-shaped anisotropy is clearly observed
in dΣ/dΩ at all wavelengths. This data set unambigu-
ously proves that double Bragg diffraction45 can be ex-
cluded as a source for the observed anisotropy, since the
maximum value of the lattice-plane spacing in Nd2Fe14B
is dmax = d110 ∼= 6.22 A˚46, and no Bragg diffraction from
the Nd2Fe14B unit cell can occur for λ > 2dmax; in other
words, the origin of the cross-shaped anisotropy in dΣ/dΩ
is very likely related to the nuclear small-angle scatter-
ing arising from an anisotropic scattering-length density
distribution, not Bragg diffraction. Moreover, it is well-
known that the multiple-scattering contribution to the
single-scattering cross section increases with increasing
wavelength. However, since the cross-shaped anisotropy
is seen over a rather large range in λ, we are convinced
that the feature is also not related to multiple SANS.
In order to quantitatively characterize the presumed
anisometric structure, we have analyzed the experimen-
tal nuclear dΣ/dΩ using the NOC software developed by
Strunz et al.47–52. The microstructural model is based
on the superquadrics shape, which in three-dimensional
real space is defined by the following inequality49,50:(
x− x0
Rx
)2/σ
+
(
y − y0
Ry
)2/σ
+
(
z − z0
Rz
)2/σ
≤ 1; (1)
x0, y0, z0 denote the coordinates of the particle center,
and Rx, Ry, Rz are its “radii” (or more precisely halves
of its size parameters) in x, y, and z-directions, respec-
tively. The parameter σ, called the morphology param-
eter by Schneider et al. 49 , determines the “rounding” of
the particle. Obviously, the object is a sphere or an el-
lipsoid for σ = 1, and it becomes less rounded when σ
decreases towards zero. In the limit σ → 0, the object is
an exact rectangular parallelepiped. Modeling of SANS
single-particle form factors using the superquadrics shape
has the advantage that a continuous variety of shapes can
be straightforwardly described.
The result of the above described SANS analysis is
summarized in Fig. 3 for the textured sample measured at
450 ◦C. The main scattering contribution at all sample-
to-detector distances is caused by large structural or
compositional inhomogeneities resulting in an anisotropic
scattering pattern. As the particles are certainly larger
than 100 nm (only the asymptotic part of the scattering
curve is visible in Fig. 3), the data do not allow for a
reliable determination of the particle size. In fact, from
the data in Fig. 3(a) and (b) we can only estimate a
lower bound for the particle dimensions [see Fig. 3(c)
and (d)]. It must also be emphasized that with our mi-
crostructural model we cannot distinguish whether the
anisotropic scattering is due to some well-defined ar-
rangement of particles or due to larger-scale structural or
compositional inhomogeneities. We can only state that
the structure is large and that the distribution of inter-
faces of that structure corresponds to the one of the su-
perquadrics shapes displayed in Fig. 3(c) and (d). From
the fit analysis we obtain for the ratio of the sizes in the y
and z-direction a value of 1.265±0.010 and a morphology
parameter of σ = 0.82±0.01. The fit error itself is smaller
(∼ 0.2 %) than the above mentioned ones, and was con-
firmed by a series of fits with varying initial values of the
free fit parameters. The uncertainties in the parameters
have been computed from a series of fit results for two dif-
ferent sample-to-detector distances (8 m and 20 m). The
spread of the results for the fitting parameters for the two
sample-to-detector distances (i.e., within a rather broad
q-range) reflects also the possible systematic error due to
the imperfection of the used fit model Eq. (1). The par-
ticle (and thus also the scattering pattern) was found to
be rotated with respect to the detector counterclockwise
around the beam axis (x-direction) by 11± 1 ◦.
Assuming that the nuclear SANS is approximately
temperature-independent between 450 ◦C and 30 ◦C,
the room-temperature magnetic SANS cross section
dΣM/dΩ of the textured Nd-Fe-B magnet can be ob-
tained by subtracting the neutron data at 450 ◦C
[Fig. 1(d)] from the data at 30 ◦C [Fig. 1(c)]. The
above assumption is supported by the data displayed
in Fig. 1(e), which reveal that the neutron countrate of
4FIG. 3. Results of the microstructural SANS modeling based
on the superquadrics shape [Eq. (1)]. (a) Experimental two-
dimensional SANS cross section of sintered textured Nd-Fe-B
at 450 ◦C (logarithmic color scale). The white equi-intensity
contour lines represent the fit based on Eq. (1) to the exper-
imental data (KWS-1, JCNS). (b) Horizontal sector average
of the data shown in (a) (log-linear scale). Solid lines: fit
based on Eq. (1). (c) and (d) Model projections of the deter-
mined particle shape based on Eq. (1). The incident neutron
beam with wave vector k0 is along the ex-direction, while the
detector plane is spanned by ey and ez.
the textured sample remains constant above 300 ◦C up
to 450 ◦C. This observation indicates that in this tem-
perature regime no significant structural transformations
appear (e.g., the precipitation of second-phase particles),
which in effect could give rise to a temperature-dependent
nuclear SANS signal. The in this way obtained dΣM/dΩ
is displayed in Fig. 4(a) and exhibits a very similar cross-
shaped angular anisotropy as the high-temperature nu-
clear scattering. This observation suggests that the mag-
netic moments decorate the anisometric nuclear struc-
ture, presumably via the strong spin-orbit coupling in
Nd-Fe-B, which is characterized by an uniaxial magne-
tocrystalline anisotropy of K1 ∼= 5× 106 J/m35; in other
words, the nuclear texture, which is created during the
magnet production, gives rise to a room-temperature
magnetic texture.
Using the two-dimensional dΣM/dΩ, the normalized
magnetic correlation function c(y, z) can be numerically
computed according to53,54:
c(y, z) =
+∞∫
−∞
+∞∫
−∞
dΣM
dΩ (qy, qz) cos(q · r)dqydqz
+∞∫
−∞
+∞∫
−∞
dΣM
dΩ (qy, qz)dqydqz
, (2)
which allows one to estimate the characteristic length
scale of the ferromagnetic correlations. The two-
dimensional c(y, z) calculated for the textured sample
FIG. 4. (a) Room-temperature magnetic SANS cross sec-
tion dΣM/dΩ of textured Nd-Fe-B (logarithmic color scale)
(KWS-1, JCNS). The data were obtained by subtracting the
purely nuclear neutron data at 450 ◦C [Fig. 1(d)] from the un-
polarized (nuclear and magnetic) SANS cross section at 30 ◦C
[Fig. 1(c)]. (b) Corresponding two-dimensional magnetic
correlation function c(y, z), computed according to Eq. (2).
Dashed white contour line: c(y, z) = exp(−1).
[Fig. 4(b)] is considerably elongated along the horizon-
tal texture axis. We have estimated a corresponding cor-
relation length lC as the exp(−1) decay length [dashed
white contour line in Fig. 4(b)]. The values are ∼ 250 nm
along the horizontal texture axis and ∼ 190 nm perpen-
dicular to it. For comparison, the isotropic sample (data
not shown) yields lC ∼ 220 nm. These lC-values can be
seen as lower bounds for the size of magnetic correlations
along the longitudinal and tranversal direction, as only
power-law-type magnetic scattering with an exponent of
−5.0 is observed in this system.
As is well known, the anisotropy of the susceptibil-
ity tensor in rare-earth-based metals gives rise to a pro-
nounced and peculiar field dependence of the SANS
cross section in the paramagnetic temperature regime
(T > TC). Paramagnetic SANS has first been experimen-
tally and theoretically investigated by Balaji et al. 55 on
terbium and then later by Do¨brich et al. 56 on holmium
and gadolinium. With increasing field the SANS cross
section increases, usually quite strongly, due to the pro-
nounced magnetic anisotropy of these systems. We em-
phasize however that our temperature-dependent neu-
tron measurements were all done in zero applied magnetic
field, and that the subtraction procedure (32450 ◦C) was
therefore also performed on such data. The remanent
magnetization of the textured sample above TC is close
to zero, so that the corresponding paramagnetic (field-
dependent) SANS under question is presumably small,
if not negligible. Magnetic-field-dependent SANS in the
paramagnetic state of Nd-Fe-B has not been studied yet
and would certainly be of interest.
The origin of the texture in the nuclear grain mi-
crostructure remains unknown. Further experiments us-
ing very small-angle neutron scattering (VSANS), which
would allow us to access momentum-transfers down to
about qmin ∼= 0.001 nm−1 (pi/qmin ∼= 3µm), might pro-
vide further insights into this question. Moreover, three-
dimensional isosurface reconstruction4 could provide an
5answer on the origin of the anisometric structures in sin-
tered Nd-Fe-B.
IV. CONCLUSION
Temperature and wavelength-dependent small-angle
neutron scattering (SANS) data reveal a cross-shaped
angular anisotropy in the SANS cross section of a tex-
tured Nd-Fe-B magnet. This anisotropy is shown to be
of nuclear origin. Analysis of the two-dimensional purely
nuclear SANS data in terms of a microstructural model
based on the superquadrics shape form factor suggests
that the scattering is due to large (& 100 nm) aniso-
metric structures. However, it is still unclear whether
the associated anisotropic scattering is due to some ar-
rangement of preferentially oriented particles or due to
larger-scale structural or compositional inhomogeneities.
When cooling the textured magnet from the paramag-
netic regime (T = 450 ◦C) through TC ∼= 283 ◦C to room
temperature, we find evidence that the ordered magnetic
moments decorate the nuclear texture, with longitudi-
nal and transversal correlation lengths in excess of about
200 nm.
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